This paper addresses the problem of road safety regarding barrier placement as relative to the curb. A short summary of existing regulations is presented. Numerical simulations using the explicit finite element system LsDyna are shown. In the analysis, variable distance between the barrier and the curb is assumed. The obtained result reveals that the distance has little impact on the working width of the barrier.
INTRODUCTION
Poland's road safety issues have become the subject of research projects covered by the research program of the National Center for Research and Development and the General Directorate for National Roads and Highways under the title "Development of Road Innovations (RID)". This initiative is the first comprehensive enterprise of ministries of science and infrastructure with such great potential for reducing the risk of injury or death in traffic. One of the research projects carried out within the framework of this program is the RoSE project, carried out by the research team at the Gdańsk University of Technology. The aim of this project is a comprehensive analysis of the functioning of the various systems of protection of vehicles on the road in the event of the sudden loss of control by the driver and various types of supporting structures installed on the roads as well as engineering objects, using the results of crash tests and numerical simulations. One of the important topics of research is to identify their functionality and propose innovative solutions for incorporating bridge barriers.
Since full-scale in-situ crash tests are expensive and performed only in specially designated areas, numerical analysis is commonly used to conduct verification and validation of these variables to then carry out parametric studies of crash tests. The Ls-Dyna (finite element method code) is commonly used in this area, in order to build detailed models of vehicles (eg. papers by Kwaśniewski and Wekezer [1, 2] ) and perform a wide range of crash test simulations under various conditions (eg. [3, 4] ).
CURB AND BARRIER POSITIONING GUIDELINES
There is nothing in Poland's guidelines for national roads [5] about the recommended distance between the curb and barrier face. The guidelines only include the following recommendations for curbs [5] :
x the recommended minimum height for curbs on the bridge pavement with a safety barrier should be (8÷10 cm) above the roadway so that if a vehicle drives over the curb, the impact will not be too strong,
x for a calculation speed of Vobl. <50 km/h to ensure restraint curbs must be 15÷20 cm high with a balustrade.
In addition, the heights of curbs accompanied by barriers are covered in the Technical Conditions [6] , according to which a curb should be above the roadway level if:
x there is a barrier between the roadway and pedestrian or service pavement or a cycle pathnot less than 0.08 m and not more than 0.14 m,
x if it is next to a barrier fixed on the edge of the structure -not less than 0.14 m and not more than 0.18 m. the guidelines of the ZDW Road Authority in Katowice [7] in order to help specify the appropriate distance between the barrier face and the curb for structures or roads where a pavement and curb structure exists together. The distances should be as follows: Norway's guidelines [11] suggest that no recommendations are needed for the analyzed distance if the curbs are low (maximum height of 85 mm, with a grade up to 35 mm from the side of the road).
There are no recommendations regarding the use higher curbs.
BARRIER'S WORKING WIDTH
Working width ( N w ) is one of the parameters used to describe a barrier's deformation in a crash test in a quantitative manner. Working width is defined as the lateral distance between barrier's face from the side of impact to the extreme position of any part of a barrier during a crash test [12] . In the case of significant deformation of a vehicle, working width should be measured to the most displaced part of the vehicle. Levels of working width are shown in Table. 1.
In our study via numerical calculations, several values of distance between barrier face and curb are analyzed, namely ^0;50;200;400;600;800;1000 a m m (see Fig. 1 ). Table 2 consist of information, whether each analyzed in present paper value of a parameter fulfills mentioned before guidelines.
NUMERICAL MODEL

VERIFICATION AND VALIDATION
As discussed by Sargent [14] all simulation models, as those for example generated and used in FEM, are nowadays very popular supporting the process of decision making. It is commonly Table 1 . Levels of working width [12] .
Classes of working width levels Levels of working width, m understood that the models along with produced results are correct. The correctness is judged by verification and validation to which [14, 15] 
EXPLICIT DYNAMICS ALGORITHM
The Ls-Dyna system uses a special form of the central difference method [16, 17, 18] 
Given the diagonal form of M , the above equations constitute a fast time marching scheme as the decomposition of M is not necessary. Yet the algorithm is conditionally stable thus requiring the selection of a stable time step. This time step is evaluated through the relation crt Δt αΔt (5) with α as the Courant number. In [16] 
NUMERICAL MODEL SUMMARY
A general view of a crash test scene is shown in Fig. 1 . The numbering of the posts (the distance between them is equal to 2000 mm), velocity, angle, and exact point of impact are presented. All parameters fulfill the requirements for a standard TB51 test [12] . The numerical model consists of two submodels. The coach model was developed by the Norwegian Public Road Administration (www.vegvesen.no) and is available free of charge. The barrier model is based on the real-life ORSTA bridge barrier [13] with some minor simplifications. In an earlier paper [19] 
SIMULATION RESULTS AND DISCUSSION
A total of 7 numerical simulations were carried out with varying distances between the curb and the barrier, denoted by a (see Fig. 1 ). In each case the same point of impact was selected, between posts no. 8 and no. 9. The obtained results support the conclusion that the placement of the barrier relative to the curb does not significantly influence the value of the working width of the barrier. In the case of 0 a , the bus correctly redirects itself back onto the road. Once the front of the bus collides with the barrier, the back of the vehicle collides with the barrier twice (i.e. the first collision was observed in the vicinity of post no. 8 and the second near post no. 12). In this case, the calculated value of the working width was the same regardless of a front/back collision.
In the case of 50; 200; 0} { 4 0 a , a similar crash test path was observed. For 400 a a great lateral tilt of the bus was observed. In the case of 600;800;1 0} { 0 0 a , the bus was lifted upwards by the barrier structure. As a consequence of a large a value, the front wheel is on the curb instead of on the road. Therefore, the lower part of the bus's bumper collides with the barrier allowing the wheel to run over the post. The damage of the vehicle chassis and the barrier are visible, see Fig. 2 .
The lowest value of the working width was calculated for 600 a m m and the highest for 1000 a m m . When the barrier is close to the curb, the working width is influenced by the front-end collision and the post most damaged by impact is post no. 10. When the distance between the curb and the barrier is increased, the collision in the back end of the bus is the decisive factor influencing working width -since it's the secondary collision of the deformed barrier. In both cases the element connecting the guardrail with the post suffered damage. Results obtained in numerical runs are shown in Table 3 . The time instance in which working width was calculated is shown in Fig. 3 .
CONCLUSIONS
The numerical results obtained show that the placement of the curb relative to the guardrail does not contribute significantly to the value of the working width of the barrier. It does however have an impact on the course of the crash event itself: the motion of the vehicle and the deformation of the barrier. In the simulations it can be seen that that when the studied distance was minor, the barrier redirected the bus back onto the road, though when the distance was assumed as further, the vehicle's wheels were lifted by the curb and remained on it. 
